Magnetic-field and microwave-frequency modulated DNP experiments have been shown to yield improved enhancements over conventional DNP techniques, and even to shorten polarization build-up times. The resulting increase in signal-to-noise ratios can lead to significantly shorter acquisition times in signal-limited multi-dimensional NMR experiments and pave the way to the study of even smaller sample volumes. In this paper we describe the design and performance of a broadband system for microwave frequencyand amplitude-modulated DNP that has been engineered to minimize both microwave and thermal losses during operation at liquid helium temperatures. The system incorporates a flexible source that can generate arbitrary waveforms at 94 GHz with a bandwidth greater than 1 GHz, as well as a probe that efficiently transmits the millimeter waves from room temperature outside the magnet to a cryogenic environment inside the magnet.
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Using a thin-walled brass tube as an overmoded waveguide to transmit a hybrid HE11 mode, it is possible to limit the losses to 1 dB across a 2 GHz bandwidth. The loss is dominated by the presence of a quartz window used
Introduction
Dynamic nuclear polarization (DNP) offers one route to overcoming the low detection sensitivity of NMR that has frequently limited its applicability, requiring either large sample volumes or long data acquisition times to attain acceptable signal-to-noise ratios. Microwave-induced DNP has been applied to solid-state biomolecular spectroscopy at cryogenic temperatures [1, 2, 3, 4, 5, 6, 7, 8, 9] . Dissolution DNP techniques [10] have enabled hyperpolarized solutions to be used for room-temperature studies in both process engineering [11] and biomedical applications [12, 13, 14, 15, 16, 17, 18] . The large spin polarizations have also enabled high temporal resolution studies of chemical processes [19] , the use of novel ultra-fast multidimensional spectroscopy techniques [20, 21] , and could possibly allow extremely highresolution magnetic resonance imaging [22] .
The enhancements achieved in typical continuous wave (CW) DNP experiment are often as much as an order of magnitude lower than the theoretically predicted value of the ratio of the electron gyromagnetic ratio to the nuclear gyromagnetic ratio [23] . There are many factors that limit the enhancements observed in CW DNP experiments, such as imperfect microwave saturation caused by limited microwave power, inefficient excitation of a broad ESR line, and the presence of multiple DNP and leakage pathways. A number of efforts have been made to improve DNP enhancements by addressing each of these issues. Of particular note are the efforts to develop water soluble free radicals that optimize DNP enhancement at high magnetic fields [24, 25, 26, 27] . Magnetic field modulation [28] and microwave frequency modulation [17, 29, 30] have both been used to improve DNP enhancements by a factor of 2-3 under non-spinning conditions. Bornet et al.
have observed a dramatic reduction in DNP build-up times with frequency modulation [30] . While one can naively imagine that the frequency modulation helps saturate an inhomogenously-broadened EPR line, the detailed physical mechanisms for the enhancement are still being elucidated [29] .
In MAS-DNP experiments, DNP enhancements have been shown to depend on rotor-speed [33] , potentially arising from adiabatic sweeps and induced level crossings in the rotating frame [31, 32] . As the underlying mechanisms behind both MAS-DNP and frequency-modulated DNP are elucidated, it is conceivable that we could create rotor-synchronized modulated DNP excitation schemes.
While the presence of leakage relaxation pathways has long been known [23] , the possibility of multiple (potentially competing) DNP pathways has recently also been pointed out [34, 35, 36] . Cory and co-workers have explored the use of optimal control techniques to improve pulsed DNP enhancements at low field by selectively exciting a particular DNP pathway while suppressing leakage paths [37] . These studies suggest that amplitude and frequency modulated microwave excitation schemes hold potential to improve the enhancements obtained in DNP experiments. However, these techniques also impose additional design constraints on the microwave transmission schemes used in DNP probe design.
In this paper we describe the design and performance of a W-band DNP system, that can be used for both pulsed and CW DNP and can readily implement both frequency and amplitude modulated DNP experiments. The system consists of a programmable millimeter wave source positioned outside the magnet, as well as a cryogenic probe that is designed to fit inside a Janis STVP continuous flow cryostat, which in turn fits in the bore of a 3.34 T (≈ 94 GHz ESR frequency for g ∼ 2) Oxford superconducting NMR magnet (100 mm superwide bore). In this system the magnet center is located 735 mm below the top flange of the magnet, and the top of the cryostat is 400 mm above the top flange of the magnet.
Millimeter-wave subsystem

Frequency Source
Two schemes have typically been used to implement frequency modulation in DNP experiments; either modulating the input to a varactor-tuned Gunn diode [17, 29] or modulating the input to a frequency-multiplier-based source such as the ELVA-1 system [30] . Our souce, which is similar in many respects to the systems implemented at the Weizmann Institute [38, 39] , is specifically designed to engineer arbitrary waveform shaping capabilities at millimeter wave frequencies for both pulsed and CW excitation.
A schematic of the source is shown in Figure 1 In order to generate the modulated 4 GHz waveforms, we mix the output of a constant 3.5 GHz signal generated by a programmable USB synthesizer (Quonset Microwave QM2010-4400) with the (amplified) signal generated by a high-frequency arbitrary waveform generator (Tektronix AWG-7052).
The signal is then filtered and input to the IF port of the millimeter wave mixer. For larger frequency modulations, we lower the frequency of the USB synthesizer and adjust the AWG frequency accordingly so that all modulations are in the 4 GHz window. A computer is used control the frequency of the USB synthesizer, trigger the AWG, and program the frequency of the millimeter wave synthesizer. Note that this system can readily be adapted 5 to build a versatile pulsed EPR spectrometer with the addition of a receiver stage.
Transmission
Overview
One of the biggest challenges in designing a DNP probe is transmitting high frequency microwaves efficiently over long distances while simultaneously minimizing thermal losses. While the solid-state sources discussed above offer significant advantages in terms of programmability and frequencyagility, they are fundamentally limited in terms of the available power that they are able to deliver. It is therefore critical to minimize the millimeter wave losses during transmission into the cryostat. There are many approaches to this, including the use of corrugated waveguides, standard overmoded waveguides, quasi-optical designs, and fundamental mode waveguides [28, 40, 41, 42, 43, 44, 45, 46] . While thermal engineering is less critical for DNP experiments performed at liquid nitrogen temperatures, it is very important in the design of experiments at liquid helium temperatures. In general, fundamental mode waveguide is the simplest scheme to set up, but there is a tradeoff between minimizing microwave and thermal losses (see Table 1 Quasi-optical designs < 1 be performed in sections that are then aligned carefully.
The use of over-moded waveguide improves the microwave performance over fundamental mode. Since conventional over-moded waveguides are larger than fundamental mode waveguides, they have a higher thermal mass and thus present more of a problem with heat loss during experiments at liquid helium temperatures. Additionally, they may not be compatible with certain experimental set-ups because of space constraints. Corrugated waveguides and quasi-optical approaches to microwave transmission have shown the lowest losses to date. Quasi-optical setups can suffer from stability issues since the components are sensitive to temperature [47] . Decreases in microwave power delivered to DNP samples have been reported to be as high as 50% with an angular misalignment of just 0.1 • [48] . Table 1 summarizes the loss experienced by each of these common types of transmission at W-band.
Design
Our experimental set-up is a relatively simple, cost-effective approach to balancing the competing requirements of microwave transmission and thermal efficiency. The top of the microwave transmission setup is shown in Figure 2 . The source is connected to a 24 inch (610 mm) section of goldplated fundamental mode waveguide which extends over the center of the magnet (A). This is followed by a 90 degree E-plane bend which orients the waveguide along the axis of the magnet (B). After the 90 degree bend, the fundamental mode is converted to a hybrid HE11 mode using a scalar horn antenna (SFH-10-R0000 Millitech Inc.).
The output of the horn sits inside a thin-walled brass pipe (5/8-inch or 15 .875 mm diameter, 0.05-inch or 1.27 mm wall thickness) which acts as an over-moded waveguide and extends down the length of the probe. The top of the brass pipe is sealed by a 1 mm-thick quartz window using an epoxy seal to isolate the interior of the cryostat during cryogenic experiments. The hybrid HE11 mode has an exponentially decaying profile that suppresses the fields (and currents) at the wall of the waveguide, minimizing microwave losses.
The thin-walled brass pipe also has a small thermal mass that limits heat losses. We estimate the thermal loss in our system to be similar to that of the corrugated brass waveguide in Table 1 . Note that this use of a brass pipe as an overmoded waveguide for a hybrid HE11 mode is distinct from the use of circular waveguide carrying a fundamental TM11 mode or an overmoded TE11 mode [30, 50, 51] . Groups using corrugated waveguide to transmit millimeter waves have informally reported using sections of cylindrical pipe as waveguide sections in their setups with little loss in performance. 11 pipe ends and a receiving scalar horn antenna sits inside the brass pipe. This horn re-converts the microwaves back to fundamental mode. The conversion back to fundamental mode is done to achieve better control of the orientation of the microwave magnetic field at the sample, as will be discussed in the next section. The receiving horn is followed by a short section (≈ 4 inches or 101 mm) of fundamental mode waveguide that extends to just above the NMR coil, as shown in Figure 3 . At this waveguide flange, it is possible to connect either a broad-band antenna such a standard pyramidal scalar gain antenna or a resonant structure consistent with DNP measurements such as a Fabry Perot cavity [52, 53] or a scroll resonator [54] .
Performance
We measured the insertion loss at each stage of transmission using a Wband diode detector (Spacek DW-2P) in the 92-96 GHz frequency range. The loss of the entire transmission scheme is typically less than 1 dB, including the mode-conversions and the long section of fundamental mode waveguide. It is important to note that this loss is dominated by the quartz window. The thickness of sapphire and quartz windows has previously been shown to significantly influence transmission at millimeter wave frequencies [55] . A better optimized window (improved thickness, material, angle) would reduce losses even further. When we repeated the measurements using a brass tube that did not have a window, the transmission was observed to be almost lossless. The loss profile is approximately frequency independent over the range 93-95 GHz. The performance of this system is thus comparable to corrugated waveguide and quasi-optical schemes.
Microwave Sample Excitation
The antenna or cavity structure used to irradiate the sample depends on the coil and sample geometry used. Since only the microwave magnetic field components transverse to the main static field contribute to the excitation of the electron spins, it is important that the microwave power delivered down the probe is efficiently coupled to a mode that has such a transverse component.
We used Ansoft HFSS to perform three-dimensional finite-element simulations of the distribution of the electromagnetic fields to examine the effect of the RF NMR coil when either the transmitting waveguide pipe, or a simple pyramidal scalar gain horn is used to excite the electron spins in the sample. smaller than the pipe. In the absence of the coil the pyramidal horn is seen to provide both better homogeneity, as well as control over the orientation of the magnetic fields. In both cases the RF coil is seen to significantly alter the mode structure of the fields at the sample location.
The RF NMR coil can also lead to a screening of the millimeter waves out of the sample. Figure 6 shows the field distributions obtained using two RF coils with different lengths and pitches, where the diameter of the coils and their position relative to the horn remains fixed. It can be seen that for the tighter winding the magnitude of the microwave magnetic field becomes negligible inside the coil. Such screening effects have been noted for low-frequency pick-up coils used in LOD EPR experiments [51] .
Our probe uses a pyramidal horn for the millimeter wave excitation with the RF coil located just below the horn. While both the brass cylindrical pipe and the pyramidal horn are broadband structures, the interaction with the RF coil can introduce a frequency dependence into their performance. excitation port and provides information about the frequency response of the system. It can be seen that the coupling between the coil and horn introduces a strong frequency dependent response. Note that the frequency range examined here is significantly wider than that characterized in Figure 
NMR coil
In contrast to probes where the tuning elements are located remotely from the coil [58, 59] , our system uses cryogenic tuning elements. The NMR detection circuit used to collect the data is a standard series-match paralleltune resonance circuit [60] . 
Experimental Results
CW DNP
To demonstrate the performance of our probe, we ran proton CW DNP experiments on a standard sample of 20 mM TEMPO in a 60/40 glycerold5/D 2 O mixture. The sample was degassed using a freeze-pump-thaw cycle, which was repeated three times. This was done to remove dissolved paramagnetic oxygen to reduce relaxation pathways and provide a nuclear relaxation time long enough to see significant DNP enhancement. 
Frequency modulated DNP
We performed a series of triangular frequency-modulated DNP experiments to demonstrate the capabilities of the system, and compared the performance against that obtained using standard constant frequency irradiation. Figure 9 shows the proton spectra obtained without DNP, with constant frequency DNP, and with frequency modulated DNP using a 100 kHz modulation rate after a 60 s build-up time. The modulation bandwidth, which describes the range of the frequencies swept, was 90 MHz. We define the amplification A = mod / const to be the ratio of the DNP enhancement (defined above) obtained using frequency modulation to that obtained using constant frequency irradiation. The inset to the figure shows the dependence of the amplification on the modulation rate (how quickly the frequency is swept) in the range from 1 kHz to 100 MHz, which is close to the proton Larmor frequency (142 MHz). The center frequency for the modulation experiments was 93.59 GHz, which was also the frequency used for the constant frequency experiment. Note that this frequency is offset from the frequency at which maximal CW DNP was observed in Figure 8 , to enhance the effects of the modulation as has previously been shown by others [29] . The enhancements due to modulation depend on the concentration of the sample, the temperature, and the center frequency of the modulation. A systematic study of these effects is beyond the scope of this paper.
Conclusion
We have described the design and performance of a novel millimeter wave source that has been specifically designed to engineer arbitrary waveform shaping capabilities at 94 GHz for both pulsed and CW excitation, with a Potential improvements include a better system of aligning the horns at the top and bottom of the cryostat to ensure the system is always in its lowest-loss configuration. Additionally, microwave losses could be reduced even further by using a thinner and/or lower loss material for the window seal. We are currently exploring different antenna-coil configurations that maintain the broadbandedness of the system while maximing the coupling between the fields and the sample. Such a probe will be be invaluable for the systematic exploration of modulation schemes to improve DNP enhancement. For example, it would be very interesting to use our broadband, high field DNP probe to try to extend some of the ideas performed at low field to higher field, such as the application of optimal control theory of DNP [37] .
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